Introduction
Cumminution is an energy intensive process and a search for conditions that affect performance will lead to conservation of energy. The Bond's Work Index is generally used as a measure of the resistance of a material to breakage [1] , [2] , [3] , [4] . The standard Bond grindability test is carried out under specified conditions of mill volume, mill speed, feed particle size, a circulating load of 250% and a control sieve size that depend on the target particle size [2] , [5] . The Bond's work index is highly sensitive to the control sieve size and circulating load [6] , [7] , [8] , [9] , [10] , [11] , [12] . The foregoing indicates that the performance of a grinding mill is affected by the operating conditions in the mill.
Excessive grinding of an ore increases energy costs and also leads to production of very fine untreatable slime particles which may be lost into the tailings and production of fines is affected by mill conditions. Thus grinding is a compromise between clean (high-grade) concentrates, operating costs, and losses of fine minerals [3] .
Literature review
The effect of grinding conditions on the response of an ore can be studied by varying one condition at a time and deducing information from the data [13] . Man [5] indicates that mill speed affects energy consumption and throughput. The ball size influence mill throughput, power consumption and progeny size [14] , [15] . It is reported by [16] that each grain size has an optimum ball size. Energy wastage and drop in throughput are the consequence of deviation from optimum conditions [17] , [18] , [19] .
The critical grinding speed (V c ) of a ball mill (in rpm) is given by [20] as:
where D is the mill diameter and d is the ball diameter. The critical speed denotes the speed to be avoided. It does not indicate the optimum speed. The standard Bond's test is performed at a mill speed of 0.91Vc [5] . Sahoo and Roy [21] observed that ball mills usually operate at speed ranging from 65% to 75% of the critical speed. Adoption of different choice of mill speed by researchers is common {0.752Vc [2] ; 0.8Vc [22] ; 0.86Vc [23] and 0.85Vc [19] }. The foregoing suggests that further research work is required to determine the optimum ball milling speed for each ore. Overloading of the mill leads to accumulation of fines at the toe of the mill, which result in cushioning effect on the balls upon impact. Contrarily when the material load is low, excessive ball to ball contact retard the rate of breakage [20] .
The optimum breakage response of an ore requires the maximum production of particles of the desired size while minimizing the production of untreatable fines. Thus the effects of milling conditions on response must be known in addition to the grindability of an ore.
II. Materials and experimental procedures
About 20kg of ore samples from Baban Tsauni lead-gold ore was used for this research work. An initial sample preparation aimed at ensuring a homogeneous feed for subsequent test runs was carried out. The crushed samples from the jaw crusher /roll crusher ( in that order) were subjected to the same grinding conditions of mill speed, ore mass to ball mass ratio, ball size and grinding time of 10minutes. The products of this batch milling operations were mixed thoroughly and passed through a Jones riffling sampler, until sets of 472g samples were obtained.
The critical speed of the mill was determined by applying (1) . The first response measured in all the experiments was the percentage of the product mass which passed the liberation size (355 microns) while the second response was the amount of fines generated in terms of per cent mass passing 50μm.
The mill was charged with steel balls and the ore materials in layers, starting with the balls. Half a kilogram of the feed materials was used for each experiment. The mill was closed and placed on the rollers and the mill started. After grinding, the mill content was discharged unto a stainless steel bow and the balls were removed. A brush was used to clean the balls so that no material is lost. The content of each sieve fraction was weighed and recorded.
The effect of ball mass to sample mass ratio on breakage response
The grinding speed was kept constant at 101rpm, the holding time at 10minutes, and the ball size at 25mm diameter. The ball mass to sample mass ratio of 2:1, 4:1, 6:1, 8:1, 10:1 and 12:1 were used. The product of each test run was subjected to sieving for 15minutes and the cumulative per cent mass passing 355μm and 50μm were determined.
The effect of holding time on breakage response
The mill speed was maintained at 101rpm, the ball size at 25mm and the ball mass to sample mass ratio was kept constant at 10:1. The mill was run for 2min., 4min., 6min., 8min., and 10min. each. Each product was sieved for 15min. and the cumulative per cent mass passing 355μm and 50μm were determined.
The effect of milling speed on breakage response
In this set of experiments the grinding time was kept constant at 10minutes, the ball mass to sample mass ratio at 10:1 and a grinding media size of 25mm was used. The critical speed of the mill, denoted Vc, was calculated by applying (1) and found to be 131rpm. Five milling speeds of 0.5Vc, 0.62Vc, 0.77Vc, 0.937Vc, and 1.14Vc were used. The product of each test was sieved for 15minutes and the cumulative per cent mass passing 355μm and 50μm were determined.
III.
Results and discussion 3.1 The effect of ball mass to sample mass ratio on grinding response of the ore
The results of the effect of ball mass to sample mass ratio are presented in Fig. 1 . The response increased gradually to a maximum of 97.474% at a ratio of 10:1. Production of fines was also highest at this ratio. The gradual increase in grinding output reflects increase in impact load and increase in surface area of media in contact with sample. The drop in output above the optimum was likely due to the increase in ball to ball collision which resulted in a decrease in effective impact energy available for grinding. A second reason was overriding effect of ball to ball contact above the increase in sample to ball contact. 
Effects of Ball Milling Conditions on Breakage Response of Baban Tsauni (Nigeria) Lead-Gold
Ore. Fig.1 shows that the rate of increase in the production of particles of desired size (upper curve) was higher than that of undesirable particles (lower curve). The generation of fines was almost non-sensitive to change in media mass to sample mass ratio at values below 8:1 as the curve in this region was almost horizontal.
The effects of holding time on ball milling output
The results of the effects of holding time on ball milling output are presented in Fig. 2 . As holding time was increased from two minutes to ten minutes the per cent mass passing the liberation size increased from 21.07% to 69% while production of fines increased from 5.58% to 21.9%. To limit the production of fines to 10% for example the batch milling time must be limited to four minutes. The implication for closed circuit milling is that the classifier or the particle sizing system must be designed to remove materials finer than 355microns at the rate of 9.81 per cent of the feed load per minute. Fig.2 shows that the rate of production of fine was low when compared to the per cent passing the liberation size. At 8minutes for example, the rate of fine generation was 2.0376%/minute (slope of line) while that of particles passing liberation size (gradient of curve at 8minute) was 3.94%/minute.
The upper curve in Fig. 2 show that the gradient decreased with time. This implied that the breakage per unit time decreased with increase in holding time. Fig. 3 was obtained by calculating rates of production of particles passing the liberation size. It show that breakage per unit time dropped from 9.86%/minute (at 2minutes) to merely 1.96%/minute at a holding time of 10minutes. The implication of this result is that long time grinding circuit is an energy wasting process. 
The effect of mill speed on breakage response
The results on the effect of mill speed on grinding response are presented in Fig. 4 . Mill speed was expressed in terms of critical speed (in line with common practice) by applying (1). The graph showed that grinding output increased with grinding speed up to a maximum value and the relationship was expressed by (2 
The optimum grinding speed was obtained by differentiating (2) and equating to zero. This gave a value of 0.829, which implied that the grinding output increased with speed to a maximum of 77.642% passing the liberation size at a speed of 0.829V c and this pattern agreed with submissions in literatures [20] , [24] .
The output dropped to 51% at a mill speed of 1.14V c . Grinding is not expected to take place at the critical speed nor above it. Literature [20] indicates that mills have to be rotated at speeds below the critical speed for grinding to occur. The expression for critical speed (1) was derived by considering the motion of one ball [20] , [3] . In a typical ball mill the position vector of the various balls from the centre differ. Thus some of the balls lost their grinding effect at the calculated critical speed of the mill. This implied that the critical speed for the second layer of balls was higher than the theoretical value which was based on the diameter of the mill. This was why grinding output did not drop to zero above critical speed as expected. However the result still agreed with the general rule that optimum grinding takes place at some speed below the critical speed and was found to be higher than 0.7V c which is commonly used [20] , [3] , [24] . The implication of this result is that the optimum milling speed of each material needs to be determined rather than just operating mills below their critical speeds.
IV. Conclusion
The results presented in this work showed that ball milling conditions affect the breakage response considerably. Production of particles of desired size increased to an optimum value with increase in the ratio of media mass to sample mass. The grinding response decreased with increase in holding time and the quality measured in term of fines generated also decreased with increase in milling time. The milling output attained an optimum value at an optimum speed of 0.829Vc. Optimum ball milling response can only be attained with optimum grinding speed, optimum media mass to sample mass ratio and short grinding circuit.
